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Abstract 
Life Cycle Assessment (LCA) and Social Life Cycle Assessment (SLCA) are applied in evaluating possible social and environmental impacts 
of the state-of-art welding technologies, such as Manual Metal Arc Welding (MMAW), Manual Gas Metal Arc Welding (GMAW) , Automatic 
GMAW and Automatic Laser-Arc Hybrid Welding (LAHW). The LCA results indicate that for 1 meter weld seam, MMAW consumes the 
largest amount of resources (like filler material and coating on electrodes) and energy, which contributes to comparatively higher 
environmental impacts in global warming potential, acidification, photochemical ozone creation potential and eutrophication than other chosen 
processes. With regard to social aspects, the health issues and fair salary are under survey to compare the relative potential risk on human 
health caused by fumes in different welding technologies, and to indicate the sufficiency of current salary of welders in Germany. The results 
reflect that the wage status of welders is still fair and sufficient. The manual processes bring much higher potential risk of welders’ health than 
the automatic processes, especially MMAW.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Since the increasing worldwide awareness of 
sustainability, sustainable manufacturing has become an 
ultimate goal for global governments and industries to pursue 
[1]. Sustainability considers the environmental, economic and 
social dimensions as triple bottom line theory [1, 2]. For 
manufacturing processes and products, environmental and 
social issues are often insufficiently considered and respected; 
however, the negative effects to environment and human can 
be accumulated and irreversible.  
To evaluate the environmental impacts and social 
influences of a process or product, Life Cycle Assessment 
(LCA) [3-5], and Social Life Cycle Assessment (SLCA) [6] 
are adopted as the state-of-art methodologies. LCA is an ISO-
standardized method [3-5], widely exercised to estimate the 
potential environmental impacts of products through the 
whole life cycle [5, 7, 8]. It is the most advanced and 
experienced methodology in evaluating environmental burden 
on process or product levels, and also in preventing burden 
shifting from different life cycle phases.  
According to the Guidelines for Social Life Cycle 
Assessment of Products [6], SLCA is defined as a 
methodology that aims at assessing the potential positive and 
negative social and socio-economic impacts related to human 
beings affected by products/services throughout the life cycle, 
such as health and wage issues of workers, etc. Though SLCA 
studies increased significantly within the last three years, the 
method is still considered to be in its infancy.  
Welding plays the essential role in modern manufacturing. 
The applications are involved in many industries, for 
example, construction, automobile, turbine production, etc. 
However, the welding processes require large amounts of 
energy and resources, also discharge fumes causing the health 
effects to welders. There are limited studies, which quantify 
the potential negative effects on health of welders [9]. Also, 
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the sufficiency of salary of welders is a topic still not fully 
discovered, but important to welders.  
In this paper, the aim is applying LCA and SLCA on 
different welding processes, such as Manual Metal Arc 
Welding (MMAW), Manual Gas Metal Arc Welding (Manual 
GMAW), Automatic GMAW and Automatic Laser-Arc 
Hybrid Welding (LAHW) to compare the corresponding 
environmental impacts and the potential risk of health of 
welders especially caused by welding fumes since other 
factors such as noise, radiation and heat lack the quantitative 
data. Also, the wage status of welders in Germany is 
investigated to discuss the sufficiency to support their living. 
The results can help the industry to identify the crucial issues 
and then to improve the processes and equipment towards 
more sustainable alternatives.  
2. Welding technologies 
In production, welding is the most important joining 
technology. Especially in manufacturing of steel 
constructions, welding accounts for a main part of costs and 
hence value creation. Products like ships, bridges or offshore 
foundations are built from structural steel plates starting from 
10 mm thickness. Due to the product dimensions and its 
respective tolerances welding is performed in a number of 
passes depending on the capabilities of the technology and its 
process parameters. 
In order to reduce process times and costs high power 
processes are desired. One of the most highly used welding 
technologies is GMAW. Typical operation modes to achieve 
high deposition rates are spray arc and pulsed arc transfer, 
applied in the present study. GMAW can be executed 
automatic or manual. The main advantages are the ability to 
compensate geometry deviations and to adjust the process 
parameters within the process. In contrast Automatic GMAW 
can perform with higher welding speeds and wire feed rates. 
Thus deposition rate, process power and productivity exceed 
Manual GMAW. 
LAHW offers huge potentials in increasing productivity 
when substituting or enhancing conventional arc processes 
[10], [11]. In comparison to GMAW, LAHW achieves higher 
welding speeds and hence higher productivity while reduced 
number of passes and less volume of melted material enable 
resource savings, lower distortion and rework. However 
especially in large structures with high tolerances for 
geometry deviations of several millimeters, gap bridging can 
be a critical problem. Therefore LAHW demands high 
accuracy edge preparation by for e.g. milling or waterjet 
cutting. When applying LAHW to thick materials, the limited 
penetration depth often requires additional filler passes with 
arc welding technologies. In this study LAHW is applied for 
root face welding followed by a GMAW filler pass to fulfill 
the given welding task. 
MMAW with coated electrodes is a popular welding 
technology on building sites because it offers high flexibility 
and does not need a shielding gas supply. Additionally low 
costs for equipment and electrodes support frequent 
application of MMAW. On the other hand, the productivity of 
MMAW is low due to limited welding speeds, process powers 
and additional time consumptions for the change of the 
electrode and the removal of slag. 
Besides their economic performance figures welding 
processes differ in the possible or needed pre and post 
processes. Especially edge preparation, clamping and post-
weld treatment change with respect to the applied technology 
which has therefore huge impact on the whole production 
sequence. Additionally since material and energy 
consumption can be correlated with the molten material 
within the weld, process specific groove preparation and the 
amount of remelted and diluted base material mainly control 
resource consumption. Same holds true especially for 
multipass weld. In contrast to automatic processes manual 
welding incorporates health hazards coming from spatter of 
liquid iron, radiation, fumes or other unhealthy working 
positions. 
So far, welding technology developments and comparisons 
are focused on economic indicators and therefore 
insufficiently consider environmental and social aspects when 
evaluating and choosing a process for a given welding task. 
Therefore this study compares four different joining processes 
with respect to joining a plate of 20 mm high strength 
structural steel. The process includes the chosen technologies 
as well as their specific requirements for welding execution 
(for e.g. root gaps or edge preparation accuracy) to produce 
welds of the required quality. The latter is defined by 
international standards and specifies the required weld 
properties (for e.g. from destructive, nondestructive testing 
and quality level for imperfections) [12], [13]. 
3. Methodology 
3.1. Life Cycle Assessment (LCA) 
Based on the ISO standard, the structure is divided into the 
four phases: goal and scope definition, life cycle inventory 
analysis, life cycle impact assessment, and interpretation in an 
iterative process [1, 3-5]. In this article, the aforementioned 
structure is adopted in a welding case study. 
The goal of the case study is applying LCA on different 
welding processes to investigate their environmental impacts. 
The scope of the LCA aims at the welding processes 
themselves including the consumption of electricity, materials 
and gases, and the landfill of waste, but without considering 
machinery. The functional unit is 1 m weld seam.  
According to the scope definition and the functional unit, 
the inventory data of the inputs and outputs of the chosen 
welding processes is collected. The inventory results and the 
technical parameters of different welding processes are shown 
in Table 1. Welding times, voltage, current and wire feed rate 
(electrode consumption in case of MMAW) including welding 
robot movement are measured for determination of electricity 
and filler material consumption. Energy efficiency of arc 
welding machines and laser beam source is presumed 95 % 
and 30 %. Chemical compositions of consumed materials 
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were taken from available product data sheets. Fume 
emissions are calculated according to emission rates of 
representative processes (power range and transfer mode) 
from references [9, 14-16].   
In this study, CML 2001 method is adopted as the life 
cycle impact assessment method (as the midpoint approach). 
Meanwhile, GaBi 6.0 [17] is used as the software to carry out 
the LCA model. In the final stage, the results from 
assessments are interpreted and compared. 
Table 1. Inventory and the parameters of the welding processes. 
 MMAW Manual GMAW 
Basic Data   
Joint preparation DV (EN ISO 
9692-1) 
DV (EN ISO 
9692-1) 
Flange angle (°) 60 60 
Base material Structural steel 
S960, 20 mm 
thick 
Structural steel 
S960, 20 mm 
thick 
Filler wire material Standard coated 
electrode  
Standard wire 
Coating of electrode Rutile - 
Type of shielding gas - 82% Argon, 
18% CO2 
Process parameters   
Average welding speed (cm/min) 20 37 
Number of passes 12 6 
Average power (kW) 4 8 
Cross section areas of weld (mm²) 256 192 
Input and output for LCA model   
Filler material consumption (g) 1,380 1,216 
Shielding gas consumption (l) - 241 
Rutile consumption (g) 383 - 
Energy consumption (kWh) 4.6 2.4 
Welding fume emission (g) 10 5 
Slag (g) 877 - 
Electrode butt (g) 152 - 
Table 1. Inventory and the parameters of the welding processes (cont.). 
 Automatic 
GMAW 
LAHW 
Basic Data   
Joint preparation DV (EN ISO 
9692-1) 
Y (EN ISO 
9692-1) 14 mm 
root face width 
Flange angle (°) 60 45 
Base material Structural steel 
S690, 20 mm 
thick 
Pipeline steel 
X120, 20 mm 
thick 
Filler wire material Standard wire  Standard wire  
Type of shielding gas 82% Argon, 
18% CO2 
82% Argon, 
18% CO2 
Process parameters   
Average welding speed (cm/min) 40 LAHW: 260 
GMAW filler 
pass: 80 
Number of passes 4 2 
Average power (kW) 9.3 Root pass:  33 
(Laser +GMA); 
Filler pass: 11 
Cross section areas of weld (mm²) 158 91 
Input and output for LCA model   
Filler material consumption (g) 884 155 
Shielding gas consumption (l) 200 33 
Compressed air for laser optics cross-
jet (l) 
- 249 
Energy consumption (kWh) 1.9 0.9 
Welding fume emission (g) 3.3 0.6 
3.2. Social Life Cycle Assessment (SLCA)  
In the SLCA guidelines, the methodology framework is 
proposed similar to LCA: goal and scope definition, life cycle 
inventory analysis, life cycle impact assessment, and 
interpretation [1, 6]. In the guidelines five main stakeholder 
groups (workers, consumers, local community, society and 
value chain actors) and 31 subcategories are described and 
relevant social issues are listed. As a starting point, this study 
focuses on the two critical social conditions: ‘fair salary’, 
‘health and safety’ for the stakeholder group workers referring 
to welders in Germany.  
By comparing the wage status of welders [18] and the non-
poverty wage based on non-poverty wage calculation [19, 20], 
the sufficiency of salary can be recognized. The non-poverty 
wage reflects the real living standard status more specific than 
just displaying the Gross Domestic Product (GDP). Based on 
the poverty guidelines for a three-people family in the United 
States announced by the United States Cencus Bureau [20], 
the non-poverty wage of other countries can be deduced by 
multiplying the United States’ non-poverty wage and the ratio 
of that country's GDP per capita to the United States’ GDP 
per capita [19]. 
Besides, in the paper, the welding fume issues are analysed 
to compare the relative health and safety effects of welders in 
different welding processes. Welding processes generate a 
complex mixture of fumes (respirable and ultrafine particles) 
as by-products, composed of an array of metals volatilized 
from the welding electrode or the incorporated flux materials 
[21]. Welders exposure to welding fumes is often associated 
with acute and chronic lung damage, lung cancer and other 
potential harm on heart, kidneys and central nervous systems 
[22-24]. Iron oxides represent the major part of fume, then 
chromium, manganese, and nickel account the total rest 
composition of the fume [21]. The iron oxide is not 
classifiable as a human carcinogen, but it triggers siderosis, 
which decreases lung capacity. Chromium (VI, insoluble) and 
its compounds are known as a human lung carcinogen, and 
nickel is also known as a human carcinogen, causing lung, 
nasal, and sinus cancers. Manganese and its compounds are 
296   Ya-Ju Chang et al. /  Procedia CIRP  26 ( 2015 )  293 – 298 
 
not carcinogens, but associated with central nervous system 
(CNS) effects similar in nature to Parkinsonism [23]. 
To represent the relative potential risk caused by fume of 
human health of welders, the potential risk (Gefährdungszahl, 
GZ) of the welding processes are identified in the paper. 
Based on the literature [9], the model simplifies and considers 
process-specific fume emissions in connection with the 
working situation. For estimating the simplified potential risk 
(GZs), the following equation 1 is used [9]: 
   bpps KRLWEGZ uuuu                                                  (1) 
 
Ep= emission of specific substance per functional unit; 
Wp= potential effect for specific substances in fume; 
L= ventilation factor (have sufficient ventilation or not); 
R= spatial factor (outside or in rooms); 
Kb= the factor of relative distance of head/body and fume 
source. 
In the case study, the potential risk caused by per 
functional unit is evaluated; nevertheless, the total working 
time of welders is not considered. Targeting the comparison 
of potential risks, Wp can be assumed in the same value as 1 to 
represent no difference in comparison between the processes 
since the composition of base materials in the chosen welding 
processes are highly similar. Also, the L and R both are set as 
1 in the paper due to the condition of welding places is 
assumed to be identical. Besides, since the distance between 
welders and fume sources in different welding processes are 
remarkable various, the Kb levels are set correspondingly. The 
closer distance indicates the higher chance to inhale fume. In 
MMAW and manual GMAW, welders are close to the fume 
sources, so the levels are set as 4 [9]; in automatic GMAW, 
the Kb level is assumed as 2 due to there is usually with 
distance between welders and fume sources; in LAHW, the 
welding process is proceeded in welding cells, so the Kb level 
is defined as 1 [9].  
4. Results of case study 
4.1. Comparison of environmental impacts 
Based on the inventory data, the life cycle impact 
assessments are carried out. Considering the relevance, 
robustness, and the practicality of impact indicators in LCA, 
global warming potential (100 years), acidification, 
photochemical ozone creation potential, and eutrophication 
are selected to display the environmental burdens caused by 
the welding processes. As shown in fig. 1. and fig. 2., 
MMAW contributes the highest environmental impacts 
among the chosen welding processes; LAHW contributes the 
least. Automatic GMAW has lower environmental impacts 
than Manual GMAW. For all indicators and technologies the 
sequence of technologies’ results stays the same. The main 
reason is the difference in the consumption of electricity for 
welding machines and filler material. Additionally, for 
MMAW especially the titanium dioxide consumption 
(accounts 45% of coating materials) plays a key role to 
contribute high impacts in acidification (52%) and 
eutrophication (76%). 
4.2. Salary status and potential effects on health 
According to the GDP per capita data [25] and the non-
poverty wage calculating method [19, 20, 26], the non-
poverty wage of a three-people family per year in Germany in 
2013 is deduced as €11,850. The latest salary survey showed 
on Focus Online [27] represented the average gross salary per 
year of welders in Germany in 2011 was € 25,980, Since the 
average annual salary of welders is much higher than the 
current estimated non-poverty wage (approximate 2 times), it 
is believed that welder’s salary status is still sufficient to 
support their living. 
Via the aforementioned equation 1 and the assumptions, 
the potential health risk, GZs, is highly influenced by the 
emission of specific substance per functional unit (Ep) and the 
relative distance of head/body and fume source (Kb) in the 
case studies. The GZs can be simply represented as relative 
EpɄKb. The relative Ep is calculated based on the inventory 
data shown in Table 1, taking the emission of LAHW as 
reference value to estimate the ratios. As displayed in Table 2, 
MMAW owns the highest GZs to welders among all the 
selected processes remarkably. Moreover, the results also 
indicate that the welders working in the manual processes face 
sharply higher risks than in automatic processes. How to 
protect welders sufficiently and to avoid health risks caused 
by fume in manual welding processes is a key issue for 
designing processes and improving the protecting equipment.    
Table 2. The estimation of the potential health risk in the welding processes 
 Ep Kb GZs 
MMAW 17 4 68 
Manual GMAW 8 4 32 
Automatic GMAW 6 2 12 
LAHW 1 1 1 
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Fig. 1. Contribution on global warming potential and photochemical ozone 
creation potential of the welding processes 
Fig. 2. Contribution on acidification and eutrophication potential of the 
welding processes 
5. Discussion 
The research reflects the comparison of environmental 
burdens and relative health effects of welders in different 
welding processes. Filler material and electricity for welding 
machines are the critical factors which are also well 
represented in the overall weld volume and the number of 
passes needed to fill the weld. Due to its high power density 
LAHW performs welding with the least number of passes, 
remelted material and overall weld volume. On the contrary, 
low welding speed and deposition rate, and consequently low 
productivity in MMAW lead to high welding times and hence 
higher environmental impacts and more fume emissions. 
Generally automatic processes enable more accurate and 
faster welding torch movement as well as higher process 
powers, which leads to an increase in potential health and 
environmental burden. These advantages can also be seen 
when comparing Manual and Automatic GMAW. A smaller 
possible root gap and higher deposition rates especially in the 
root passes result in less environmental impacts.  
However this study does not serve as overall process 
comparison. Process requirements such as efforts for edge 
preparation, effects of different welding positions or mobility 
of equipment could have crucial influence on a process 
selection. In the LCA model, only four impact categories are 
presented to compare the processes; also, machinery is not 
considered in the study. Fume emission rates are highly 
dependent on the actual process and can vary from literature 
values. In SLCA the research is limited to focusing on 
workers, and the corresponding salary and health risks caused 
by fume. Due to lack of quantitative data, health risks from 
radiation, heat and noise are not considered.  
However results clearly indicate that application of 
automatic and high power processes are favorable in terms of 
reducing environmental and health risks of welding processes. 
6. Conclusion  
The paper applies LCA and SLCA on different welding 
processes to compare the environmental impacts and relative 
potential health risks, and to evaluate salary sufficiency of 
welders in Germany. The contribution of the paper can 
provide information to industry for developing and selecting 
sustainable processes.  
The results indicate that due to low productivity and 
welding speed MMAW contributes higher environmental 
impacts in global warming potential, acidification potential, 
photochemical ozone creation, and eutrophication potential, 
and leads to higher potential health risk of welders than other 
selected processes. The main cause is that MMAW consumes 
much more material and electricity per 1 meter welding seam, 
and discharges much more fume with close working distance. 
Also, the titanium dioxide consumption in coating in MMAW 
is critical to contribute main burdens in acidification and 
eutrophication. Adjusting coating composition and reducing 
the consumption of material and energy can make MMAW 
more environmental friendly. LAHW is the most superior 
process within the scope of the study. Results indicate that 
further developments for thick walled welds shall focus on 
automatic high power processes. Besides, the salary of 
welders in Germany is currently sufficient to support living. 
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